To define predictors of survival time in late human immunodeficiency virus type 1 (HIV-1) disease, long-and short-duration survivors were studied after their CD4 + T cells fell to р50/mm + cell activation and, after correcting for multiple comparisons, was not associated with shorter survival ( ). All of the patients' viruses used CCR5, CXCR4, or both, and P ϭ .02 coreceptor usage did not predict survival ( ). Through mechanisms apparently unrelated P ϭ .27 to higher virus burden, immune activation is a major determinant of survival in advanced HIV-1 disease.
Immune dysfunction, increases of virus burden, and evolution of more pathogenic variants of human immunodeficiency virus type 1 (HIV-1) in the infected host are associated with advanced HIV-1 disease [1] [2] [3] [4] [5] [6] . Clinically, the underlying cause of death for patients infected with HIV-1 is immune deficiency, and patients ultimately succumb to opportunistic infections or neoplastic diseases [7] . CD4 ϩ T cell numeric deficiency is a predictor of disease progression, and clinical AIDS develops at a median of ∼50/mm 3 CD4 ϩ T cells [8, 9] . The duration of survival after CD4 ϩ T cells reach this level is variable. Presumably, additional host or viral properties must contribute to outcome in advanced HIV-1 disease, but little is known about the relative contribution of each of these factors to the ultimate outcome.
T cell immune dysfunction is widely regarded as one of the most important additional immunologic determinants of disease progression [10] [11] [12] . Two competing models have been proposed for the mechanism underlying T cell dysfunction. One is that defects in immune response arise primarily due to clonal deletion as a consequence of the direct or proximal effects of HIV-1 infection on infected cells [13] [14] [15] . According to this view, immune dysfunction is actually a variation on numeric deficiency, except that the focus is on T cell clones with select reactivities. These clones could be lost over time as a result of selective targeting of HIV-1-infected T cells that subsequently become involved in immune responses. Alternatively, T cells could be lost because of host immune clearance mechanisms, including cytotoxic T lymphocyte activity or antibody-dependent cellular cytotoxicity [16] . An argument in favor of this view is the observation of reduced numbers of naive unprimed CD45RA ϩ CD62L ϩ T cells in advanced HIV-1 disease, a finding that supports the idea that a deficiency in T cell regeneration capacity may be implicated in the ultimate failure of host survival [17] .
A second school of thought holds that immune dysfunction arises as a consequence of the host immune response to high levels of viral replication [1, [18] [19] [20] . Such operational immune suppression may also play a role during the acute phase of infection with other viruses, including Epstein-Barr and cytomegalovirus. Before latency is established in these herpes virus infections, excess T lymphocyte activation and diminished host response to other antigens has been demonstrated by our group and others [21, 22] . T cell immune activation could result in functional anergy, because preactivated T cells are unable to respond to cognate antigen [23, 24] . Immune activation may also drive cells to premature apoptosis [25, 26] . Ultimately, excessive T cell turnover in response to chronic viral stimulation could lead to immunologic exhaustion, a possibility that is supported by the finding of T cell receptor repertoire perturbations in CD4
ϩ and CD8 ϩ T cells subpopulations [15] and shortened telomere length in CD8 ϩ T cells [27, 28] . Markers of T cell activation in HIV-1 infection include increased cell surface expression of CD38, HLA-DR, Fas, and CD45RO [26, [29] [30] [31] [32] [33] .
Only a few studies have addressed determinants of survival in advanced HIV-1 disease [34] [35] [36] . In the current study, we address both immunologic and virologic determinants in latestage disease. We use р50 CD4 ϩ cells/mm 3 of peripheral blood as a criterion for advanced disease. Because most patients with low CD4
ϩ T cells now are treated with potent antiretroviral therapies, which alter both virologic and immunologic parameters, we used stored specimens collected when participants in the Multicenter AIDS Cohort Study (MACS) were receiving less effective antiretroviral therapy. We focused on issues related to immune activation and immune system reserve, because distinguishing between these two possible mechanisms for immune system failure is central to our understanding of HIV-1 pathogenesis. We also measured virologic parameters that have been associated with survival in HIV-1 disease (i.e., virus burden and virus chemokine coreceptor usage) [4-6, 37, 38] . By simultaneously assessing the major immunologic and virologic parameters that have been associated with survival, we hoped to obtain a more accurate idea of the relative contribution of each of these factors to outcome in advanced HIV-1 disease.
Methods
Study groups. We selected 37 HIV-1-infected men for study by the following criteria: р50 CD4 ϩ T cells/mm 3 at a visit between 1986 and 1994, subsequent survival !6 months or 118 months, and sufficient sample in the repository to allow testing. A confirmatory CD4 ϩ T cell count of р50/mm 3 was required 6 months after the index visit in men who survived 118 months. A group of 12 randomly selected seronegative MACS participants whose samples were collected at the same visit and center as one of the infected men was used as a comparison group for immune parameters. We obtained cryopreserved peripheral blood mononuclear cells (PBMC) and plasma samples from the MACS repository (Biomedical Research, Rockville, MD) [39, 40] . The ethnicity of the study participants did not differ among the groups ( ). Of P ϭ .71 the 49 study subjects, 38 were white; there was 1 Hispanic and 1 black/non-Hispanic each in the seronegative and !6 month survival groups and 3 Hispanics and 4 black/non-Hispanics in the 118 month survival group.
The 37 men in this study were selected from 684 HIV-1-infected MACS participants who had р50 CD4 ϩ T cells/mm 3 between 1986 (MACS visit 5) and 1994 (MACS visit 21). Of these 684 men, 51 survived !6 months and 11 of these had sufficient sample in the repository to allow testing. These 11 men comprised the shorter survival group. In total, 366 men who reached a CD4 ϩ T cell count of р50/mm 3 had a confirmatory CD4 ϩ T cell count. Of these, 103 had no antiretroviral therapy initiated for у6 months after the index visit, and 26 of these both survived 118 months and had sufficient sample in the repository to allow testing. These 26 men comprised the longer survival group.
Prior to the cutoff for this study in 1994, antiretroviral therapy in the MACS was primarily monotherapy or simultaneous use of 2 nucleoside analogues [41] . The criterion of no antiretroviral therapy initiated for у6 months after the index visit in the group with longer survival reduced the likelihood that men who would have died in !6 months without antiretroviral therapy would survive for 118 months. Like most MACS subjects, 23 of the 37 infected men in the study received either prophylaxis for opportunistic infections and/or antiretroviral medications by the time their CD4 ϩ T cell counts reached р50 cells/mm 3 . To evaluate the immunologic and virologic markers in the absence of any treatment, we compared marker values of the 6 men in the shorter survival group and the 8 men in the longer survival group who received neither prophylaxis for opportunistic infections nor antiretroviral medications before the index visit.
Monoclonal antibodies (MAbs). We obtained MAbs from Becton Dickinson Immunocytometry Systems (San Jose, CA). Those MAbs purchased as conjugates of fluorescein isothiocyanate (FITC), phycoerythrin (PE), or allophycocyanin (APC) included IgG2-FITC, CD4-FITC, CD8-FITC, HLA-DR-FITC, CD45RA-FITC, IgG1-PE, CD4-PE, CD38-PE, CD62L-PE, CD95-PE, IgG1-APC, and CD3-APC. We purchased purified CD45RO, CD4, and CD8 MAbs (Becton Dickinson) and then had them conjugated with APC by Molecular Probes (Eugene, OR). We enumerated T cell subsets using FITC/PE/APC MAb combinations of CD45RA/ CD62L/CD4 or /CD8; HLA-DR/CD38/CD4 or /CD8; CD4/ or CD8/CD95/CD45RO; CD8/CD38/CD45RO and isotype controls.
Immunophenotyping. We thawed cryopreserved PBMC by standard methods [42] . Viability, assessed by trypan blue exclusion, was a median of 94%. We incubated cells with saturating 5 5 ϫ 10 amounts of fluorochrome-conjugated MAbs for each MAb combination. After being washed, cells were suspended in 7-amino actinomycin D (7-AAD; Calbiochem, La Jolla, CA) at a final concentration of 1 mg/mL for dead cell discrimination [43] . We performed 4-color immunofluorescence on a dual-laser FACSCalibur flow cytometer (Becton Dickinson) and collected у1000 and usually 2500 events per sample for analysis. A gate was set on live cells, then on forward scatter versus side scatter, and finally on CD4 ϩ or bright CD8 ϩ T cell fluorescence. We measured HLA-DR and CD38 relative fluorescence intensities (RFI) as the median RFI using single-parameter histograms with no cursors set. We measured CD95 RFI as the mean RFI using a dot plot display of CD45RO versus CD95. We determined all percentage data from dot plot displays with fixed cursor settings as described previously [17, 44] . CD4 ϩ and CD8 ϩ T cell measurements on fresh whole blood on the day the samples were initially drawn (table 1) were made as described previously [45] .
Virion-associated HIV-1 RNA copies per milliliter. Specimens anti-coagulated with heparin were pretreated with Heparinase 1 before testing by Amplicor HIV-1 Monitor assay (Roche Molecular Systems, Branchburg, NJ). In brief, a 200-mL aliquot of the plasma specimen was added to 50 mL of a Heparinase 1 working solution (0.15 U Heparinase 1/mL in 225 mM NaCl, 75 mM Tris-HCl, 15 mM CaCl 2 , and 0.01% bovine serum albumin, pH 7.5), vortexed, and incubated at room temperature for 1 h. We added 90 mL of 1.0 M EDTA to the vial of working lysis reagent. Next, each 250-mL sample of Heparinase 1-treated plasma was added to 600 mL of the working lysis reagent and analyzed in accordance with the Amplicor HIV-1 Monitor procedure. In the laboratory where HIV-1 RNA levels were determined for this study, intrapatient comparison of the numbers of copies of HIV-1 virion-associated RNA per milliliter of plasma for specimens anti-coagulated with heparin and EDTA showed a correlation coefficient of 0.85 ( ). The P р .001 method used to treat plasma specimens to remove heparin before the Amplicor HIV-1 Monitor polymerase chain reaction assay has been used in previous MACS studies [38, 46] .
Virus isolation and coreceptor usage.
On the day that we thawed the cryopreserved samples, we placed 10 6 viable PBMC into culture with 10 6 washed CD3 (Ortho Pharmaceuticals, Raritan, NJ)-stimulated PBMC from a pool of 3 normal participants. We maintained cultures in RPMI 1640 (Gibco BRL, Grand Island, NY) supplemented with 20% fetal calf serum (FCS; Omega Scientific, Tarzana, CA), 250 U/mL penicillin (Gibco), and 250 U/mL streptomycin (Gibco), 2 mM L-glutamine (Gibco), 25 mM HEPES (Gibco), and 5000 IU interleukin (IL)-2 (Chiron Therapeutics, Emeryville, CA) (RPMI-FCS-IL-2). We thawed the CD3-stimulated blasts and cultured the cells in RPMI-FCS-IL-2 before establishing the cultures to isolate virus. Pelleted CD3-stimulated blasts were resuspended in fresh media before use in cocultures. We used the same batch of cryopreserved, CD3-stimulated PBMC to isolate all of the primary viruses for this study, and these cells retained high levels of CCR5 and CXCR4 expression throughout the culture period. We harvested the culture supernatants from the cocultures every 1-2 days from days 2 through 14 and tested for p24 content by ELISA (Coulter, Opa Locka, FL). We completely replaced the culture medium with fresh RPMI-FCS-IL-2 each time we harvested the supernatant, and no new PBMC were added during the culture.
We determined HIV-1 chemokine receptor usage by use of U87/ CD4 cells stably transfected with CXCR4 or CCR5 (provided by D. Littman, New York University School of Medicine) [47, 48] . Cells were plated at 5000/mL in 48-well plates 24 h before samples were added to test for virus entry. We evaluated all viruses under study in two independent experiments with HIV-1 strains SF-2, SF-162, and BAL as internal controls and independent markers for infection efficiencies between assays. We obtained 1-3 isolates of primary viruses per individual 2-14 days after initiating the cocultures and used these to infect U87/CD4 cells expressing CXCR4 or CCR5. We kept the culture period to a minimum before testing viral chemokine receptor usage of the primary viruses to reduce potential artifacts due to extended in vitro culture. For the infections, stock containing the primary viruses was diluted 1:4 in culture medium and added to the transfected U87/CD4 cells. Seventytwo hours later, the cells were fixed with methanol/acetone (1:1 ratio, stored at Ϫ20ЊC) and incubated with MAbs specific for p24 antigen (EF7.1 and 38.6; Medical Research Council AIDS Directed Program Repository, London). We detected bound antibodies with a b-galactosidase-conjugated anti-mouse IgG and X-gal as described previously [49] . We quantified cells expressing p24 antigen as colored foci and viruses capable of inducing cytopathic effects as multinucleated foci.
Statistical methods. We used the two-sided exact Wilcoxon rank sum test [50] to test the power of differences between parameters at the index visit of the 2 seropositive groups (table 1) . We use the one-sided Wilcoxon rank sum test to examine whether the detailed immunologic markers and virus burden (table 2) differed significantly between the two groups of HIV-1-infected men. We selected the one-tailed test for these later comparisons because we were testing immunologic and virologic parameters, which, on the basis of previous reports [17, 26, 32, 33, 38] , we predicted at the outset would be more abnormal in the group with shorter survival. P values for the two-tailed tests are twice that for the one-tailed test. We used StatXact version 3.01 [51] to perform the exact tests. We made a total of 13 comparisons (table 2) and used a nominal significance level of to adjust for multiple comparisons. P ϭ .005 We calculated correlation coefficients using Spearman's rank correlation [50] .
Results

Survival times for men with р50 CD4
ϩ T cells/mm 3 . As summarized in ), CD4:CD8 ratio ( ), and age ( ) P ϭ . 44 P ϭ .91 P ϭ .63 were not different in the 2 groups. This was a seroprevalent cohort. However, as described previously [52] , the similar CD4 ϩ cell counts of the 2 groups at entry into the study ( ), P ϭ .65 together with the similar time after study entry ( ), sug-P ϭ .14 gest that the duration of infection of the 2 seropositive groups prior to the index visit were similar.
Immunologic differences between HIV-1-infected men with р50 CD4
ϩ T cells/mm 3 and uninfected controls. Immunologic parameters of the 2 HIV-1-infected groups and the uninfected controls are summarized in table 2. We first documented that the immune abnormalities typically associated with HIV-1 infection were present in the HIV-1-infected men in our study. Like others, we found that the combined groups of HIV-1-infected men ( ) had fewer ( ) functionally unprimed n ϭ 37 P ϭ .005 naive cells than the uninfected men ( ). These naive cells n ϭ 12 were defined by CD45RA isoform usage plus L-selectin (CD62L) expression [17] . The levels of expression of the T cell activation antigens CD38, HLA-DR, and Fas were also increased ( ) as we and others have previously reported P ϭ .005 in chronic HIV-1 infection [20, 25, 26, 30, 31, 33, 53, 54] . Finally, although not significant after correcting for multiple comparisons ( ), we found higher numbers of primed P ϭ .013 CD45RO ϩ CD4 ϩ T cells in HIV-1-infected compared with uninfected men as reported previously [13, 55] . Thus, our HIV-1-infected subjects had the profile of immunophenotypic abnormalities typically observed in advanced HIV-1 disease. We next compared the 2 infected groups with each other to determine whether the extent of any of these abnormalities was associated with differences in survival time.
Immune cell reserve does not correlate with survival in advanced HIV-1 disease. HIV-1 infection leads to increased rates of apoptosis of CD4 ϩ and CD8 ϩ T cells [25] , and new T cells must be regenerated at an increased rate to keep pace with cell loss. Ultimately, the reserve may be depleted, leading to death of the HIV-1-infected host as a result of immune deficiency. We defined the immune cell reserve by measurement of the proportion of naive unprimed CD45RA ϩ CD62L ϩ T cells in the peripheral blood [17] . Median values in the uninfected men were 26% and 23%, respectively, for CD4 ϩ and CD8 ϩ T cells. Although percentages were significantly lower ( ) in both P ϭ .005 groups of HIV-1-infected men compared with uninfected men, the proportion of T cells that were of the naive phenotype did not differ between the 2 infected groups. The median values of CD45RA ϩ CD62L ϩ T cells among the CD4 ϩ T cells were 6% and 4%, respectively, in the groups with longer and shorter survival ( ). Among the CD8 ϩ T cells, the median values P ϭ .338 were 9% and 6%, respectively ( ). Figure 1 shows rep-P ϭ .078 resentative dot plots for each group of subjects. In agreement with others, we found that the size of the T cell reserve, as reflected through measurement of the CD45RA ϩ CD62L ϩ subset in the peripheral blood, is severely reduced in HIV-1-infected homosexual men who have р50 CD4
ϩ T cells/mm 3 . However, our results indicate that immune cell reserve does not correlate with survival time in advanced HIV-1 disease.
Between group differences in resting HLA-DR Ϫ CD38 Ϫ CD4 ϩ and CD8 ϩ T cells. We define resting T cells as those that express neither HLA-DR nor CD38 [56] . We compared the percentage of resting CD4 ϩ and CD8 ϩ T cells at the index visit to determine whether these values correlated with survival. Figure 2 shows representative dot plots of these T cell subsets analyzed by multicolor flow cytometry for each group of subjects. The resting cells are in the lower left quadrant of the histograms. As listed in table 2, the median values in the uninfected men were 78% and 77%, respectively, for CD4 ϩ and CD8 ϩ T cells. After correcting for multiple comparisons, dif- ferences were not significant between the percentage of resting CD4 ϩ and CD8 ϩ T cells for men in the 2 survival groups. For those with longer versus shorter survival, median values were 36% and 20%, respectively, for CD4 ϩ T cells ( ) and 22% P ϭ .02 and 13%, respectively, for CD8 ϩ T cells ( ). Although P ϭ .01 not statistically significant, this trend suggested that conversion of unprimed T cells to an activated state might correlate with shorter survival.
T cell activation correlates with shorter survival in HIV-1-infected men with advanced disease. We measured CD4 ϩ and CD8 ϩ T cell activation using several different antigens as markers of activation. Each was selected because it is associated with different potential aspects of immune dysfunction including enhanced tendency to undergo apoptosis. We found no association between shorter survival and increased expression on CD4 ϩ T cells of HLA-DR or Fas antigen or the percentage of CD45RO ϩ memory T cells (table 2) . However, we found a significant association between shorter survival and increased CD38 expression on CD4 ϩ T cells (table 2) . Figure 3 shows single-parameter histograms of the RFI of CD38 expression. The group with shorter survival had a median RFI of CD38 expression on CD4 ϩ T cells of 221 U, whereas men with longer survival had a median RFI of 87 ( ). As a comparison, P ϭ .002 the median RFI of CD38 expression on CD4 ϩ T cells of non-HIV-1-infected men was 16. By use of recently described methods [57] , the number of molecules of CD38 per cell can be estimated by multiplying RFI values by 41. Thus, on our flow cytometer, an RFI of 221 represents ∼9000 molecules of CD38 expressed per cell. The 6 men with shorter survivals and the 8 men with longer survivals who did not receive either prophylactic treatment for opportunistic infections or antiretroviral medications prior to the index visit had RFI values on CD4 ϩ T cells of 142 and 67, respectively ( ). Thus, the P ϭ .03 relation between higher activation and shorter survival existed even in the untreated men.
We then gauged the levels of activation antigen expression displayed on CD8 ϩ T cells. As for CD4 ϩ T cells, we observed significantly higher levels of CD38 expression on CD8 ϩ T cells obtained from men with shorter survival relative to men with longer survival (median RFIs: 411 and 190, respectively; P ϭ ; table 2; figure 3 ). Parenthetically, these levels equate to .001 ∼17,000 and ∼8000 molecules of CD38 expressed per cell, and are much higher than those typically observed during asymptomatic HIV-1 infection [32] . The uninfected control group had a median RFI of 14. The 6 men with shorter survival and the 8 men with longer survival who did not receive prophylactic treatment for opportunistic infections or antiretroviral medications before the index visit had RFIs of 433 and 145, re- spectively ( ). Again the relation between higher acti-P ϭ .02 vation and shorter survival existed even in the untreated men.
Previous reports have focused on additional aspects of T cell activation, including higher proportions of CD45RO ϩ -CD38 ϩ CD8 ϩ cells and increased cell surface Fas expression [26, 33] . We found a higher percentage (table 2) of primed activated CD45RO ϩ CD38 ϩ CD8 ϩ T cells in the group with shorter relative to longer survival ( ). Likewise, Fas cell surface P ϭ .007 expression was also higher on CD8 ϩ T cells from men with shorter survival times ( ). These differences approach P ϭ .006 the strict level of statistical significance set for the study and are likely to be biologically relevant. By use of a variety of cell surface markers that identify activated T cells, our results unequivocally establish that CD4 ϩ and CD8 ϩ T cell activation is associated with shorter survival in persons with advanced HIV-1 disease.
Association Figure 2 shows cells displaying this phenotype in the lower right quadrants of the immunofluorescent dot plots. As we would predict on the basis of our previous findings, the men who survived longer after the index visit had a higher percentage of HLA-DR ϩ CD38 Ϫ CD8 ϩ T cells compared with men with shorter survival (7% and 2%, respectively; ; table 2; figure 2). The P ϭ .002 HLA-DR ϩ CD38 Ϫ CD8 ϩ T cell proportions were 13% and 2%, respectively ( ), in the 8 men with longer survival and P ϭ .02 the 6 men with shorter survival who were untreated prior to the index visit. Thus, higher levels of this potentially protective CD8 ϩ T cell subset are associated with longer survival.
Virus burden in the 2 groups with different survival duration.
As shown in table 2, median numbers of virion-associated RNA copies in plasma were 10 ) in the groups with longer and shorter survival, respectively. These values were not significantly different ( ) after adjusting for multiple comparisons. In untreated P ϭ .02 patients, there was also no difference between virus burden measurements (
). Since CD4 ϩ T cell immune activation P ϭ .66 is an in vitro correlate of target cell permissiveness for viral . Cursors were set as described previously [32] . replication, we tested for an association between activation antigen expression on CD4 ϩ T cells and virus burden. We predicted that higher levels of CD4 ϩ T cell activation might fuel viral replication. Unexpectedly, we found no association between virus burden and the levels of any of the cell surface markers of CD4 ϩ cell immune activation ( Figure 4 summarizes the results of our significant immunologic findings and our findings with virus burden. HLA-DR ϩ CD38 Ϫ CD8 ϩ cells are expressed as percentages and CD38 expression is shown as the median number of molecules of CD38 on CD4 ϩ and CD8 ϩ cells, as described [57] . These box plots illustrate the considerable overlap in virus burden between the 2 groups of HIV-1-infected men and the divergence in the immune activation markers between the groups.
Viruses from persons with advanced immune deficiency utilize both CCR5 and CXCR4. Viruses capable of utilizing the chemokine receptor CXCR4 are frequently isolated from patients with relatively rapid disease progression [6] . We reasoned that the enhanced lymphocyte activation observed in men with shorter survival might reflect infection by viruses utilizing CXCR4, leading to more rapid T cell turnover. Meanwhile, the men who survived longer might preferentially harbor viruses with CCR5 usage. We therefore examined chemokine receptor usage of viruses obtained from primary PBMC cultures and tested for their ability to infect U87/CD4 glioma cell lines stably expressing either CCR5 or CXCR4. The results in table 3 show the maximal infectivity values that we observed among the 1-3 samples tested for each person and represent the sample obtained on or within 3 days after we observed peak p24 production in the primary cultures. Viruses were obtained and characterized from 10 of the 11 participants progressing to death in !6 months. Of these, 4 (40%) were only able to infect cells expressing CCR5, whereas 6 (60%) showed usage of both CCR5 and CXCR4 receptors with differing efficiencies (table 3) . For participants who survived у18 months, viruses from 20 of 26 participants were obtained and characterized. Three (15%) of these isolates used only CCR5, 2 (10%) replicated in cells expressing CXCR4 but not CCR5, and the remaining 15 (75%) used both receptors. We verified that expression levels of the two receptors were comparable on the U87/CD4 cells as described previously [47] . Furthermore, all viruses tested, whether they infected CCR5-or CXCR4-expressing U87/CD4 cells, induced multinucleated cytopathic effects (data not shown) as reported by Bjorndal et al. [48] . It is of interest that the replication rate of these viruses in PBMC cultures was independent of both coreceptor usage pattern (unpublished data) and progression group. Thus, we did not find an association between the particular subset of chemokine receptors used and the length of survival ( ). P ϭ . 27 These results indicate that although many people with advanced HIV-1 disease have virus populations capable of using both CCR5 and CXCR4, this was not a predictor of subsequent duration of survival.
Discussion
Our results focus attention on the importance of understanding the role of immune activation in HIV-1 disease. We tested several of the mechanisms by which T cell activation might contribute to shortened survival. One leading hypothesis that we examined was that HIV-1-driven immune activation operates to decrease survival by depleting the reserve of naive lymphocytes. This thesis predicts that a decline in T cell regeneration capacity is associated with HIV-1 disease progression. We investigated whether a reduction in the pool of unprimed naive cells, defined by CD45RA isoform usage plus L-selectin (CD62L) expression, contributed to shortened survival after CD4 ϩ T cells were р50/mm 3 [17] . We found a lower proportion of the CD45RA ϩ CD62L ϩ T cell reserve in both groups of HIV-1-infected men compared with the uninfected control group. However, we did not find an association between the extent of this depletion and survival time. Thus, our results do not support decline in the regenerative capacity of the immune system as a predominant mechanism leading to differences in survival during advanced HIV-1 disease.
A second hypothesis that we tested was that HIV-1-induced immune activation fosters a cellular environment more conducive to enhanced viral replication [59] [60] [61] [62] . In our study, CD8 ϩ T cell activation correlated with HIV-1 virus burden, but unexpectedly, CD4
ϩ T cell activation did not (table 2) . CD4 ϩ T cell activation thus does not seem to fuel enhanced viral replication in advanced HIV-1 disease. We are not aware of whether other studies have investigated an association between virus burden in vivo and CD4 ϩ T cell activation; however, the relationship between CD8 ϩ T cell activation and virus burden is well known [58, 63] . Whether high virus burden drives CD8 ϩ T cell activation, as we have suggested [58] , or production of inflammatory cytokines drives viral replication [64] is unclear.
Our results here in advanced HIV-1 disease (table 2) extend previous observations that CD8 ϩ T cells displaying the HLA-DR ϩ CD38 Ϫ cell surface immunophenotype are associated with slower disease progression [54, 56, 58] . This CD8 ϩ subset is thus a potential source of inhibitory factors, especially the bchemokines and MDC-1 [65, 66] . Elevated levels of serum markers of immune activation, including inflammatory cytokines that enhance viral replication, are associated with high levels of CD8 ϩ T cell activation, especially elevated CD38 levels [67] . It will be important to determine whether CD8 ϩ T cells are the major source of these factors. We are planning such studies, but were unable to test this in the current investigation because of insufficient cells. Notably, in the current study, virus burden did not correlate closely with survival. Therefore, even though CD8 ϩ cell activation was correlated with shorter survival as well as with higher virus burden, fostering an environment more favorable to enhanced viral replication does not seem to be the mechanism through which activated CD4 ϩ and CD8 ϩ T cells contribute to shorter survival in advanced HIV-1 disease.
Recent findings from studies of antiretroviral therapies suggest an alternate mechanism, which we did not investigate directly, that could explain the association between immune activation and shortened survival. This thesis holds that HIV-1-driven immune activation precludes an appropriate immune response to cognate antigens, such as opportunistic pathogens, by impeding T cell recognition or signaling [23] . Activationinduced apoptosis of T cells, either by Fas-directed or other mechanisms, could be involved in this association [68, 69] . Support for this hypothesis derives from the observation that T cell immune functions such as phytohemagglutinin or anti-CD3 responses, which are not antigen-specific, are reversed within a few months when viral replication is effectively suppressed by antiretroviral drugs. This restoration of lymphocyte function is accompanied by decreased CD38 antigen expression [70, 71] . Meanwhile, restoration of lost T cell reactivity to recall antigens is less often observed after antiretroviral therapy, possibly because selective clonal deletion may take longer to reverse [13, 70, 71] . Activation-induced anergy and apoptosis could thereby contribute to functional immune deficiency caused by clonal deletion.
Although the drugs used by these subjects were primarily monotherapy or simultaneous use of two nucleoside analogues, they undoubtedly had some influence on the overall survival of the men. Of interest, if antiretroviral drug use did affect survival in our study, the drugs did not seem to operate by effect on CD4 ϩ cell count or virus load, since these values were not different in the 2 groups. In an analysis of all MACS participants who reached 50 CD4 ϩ cells/mm 3 and had virus burden measured ( ; L. Jacobson, unpublished data), we found n ϭ 500 that survival in those who initiated use of antiretrovirals after the index visit ( ) was twice as long as for those who never n ϭ 55 used them (
). In the current study, men in the longer n ϭ 56 survival group who never used antiretroviral therapy ( ) n ϭ 3 survived a median of 1.8 years; those who used antiretroviral therapy both before and after the index visit ( ) survived n ϭ 13 a median of 2.2 years. Those who used antiretroviral therapy only after the index visit ( ) survived a median of 2.8 years; n ϭ 9 these men began antiretroviral drug therapy a median of 1.3 years after the index visit. Taken together, this information supports the conclusion that use of antiretroviral therapy in the 118 month survival group (median, 2.35 years) does not explain the significantly longer survival for that group compared with the !6 month survival group (median survival, 0.32 years).
Our finding that virus burden did not associate with survival time is unlikely to be due to technical factors. Plasma specimens tested for this study, like most plasma specimens from MACS participants, were collected in heparin and cryopreserved within 6 h of collection. After thawing, the specimens were processed by addition of Heparinase 1 to the plasma to inactivate the heparin followed by addition of EDTA and measurement of HIV-1 RNA copy number by the Food and Drug Administration-approved Amplicor HIV-1 Monitor assay (Roche). In the laboratory where the current testing was done, we did an intrapatient comparison of the numbers of copies of HIV-1 virion-associated RNA per milliliter of plasma detected by the Monitor assay in specimens collected in heparin and then treated as described above and also collected in EDTA and tested directly. Our results showed a high correlation coefficient of 0.85 ( ). We have also compared results obtained P ! .001 using heparinase to prepare samples followed by the Monitor assay to results obtained on heparin-anticoagulated plasma specimens tested directly in the bDNA signal-amplification assay (Chiron), for which heparin is an acceptable anticoagulant. The results [38] showed a correlation coefficient of 0.93 (P ! ) between the two sets of results. Stored plasma specimens .001 from MACS participants have been used in a number of studies to establish that HIV-1 RNA levels from early during the course of the disease are highly predictive of outcome [20, 38, 46] . Taken together, these results suggest that the method we used to measure virus burden was sufficiently accurate and robust to provide reliable measurements of plasma HIV-1 RNA. The difference between the current study and past work is that here we focus on patients with advanced HIV-1 disease, whereas earlier studies included subjects with a range of CD4 ϩ T cell counts and virus burden levels. Our results underscore the conclusion that virus load and CD4 ϩ T cell counts are not the only factors that influence the outcome of HIV-1 disease. Alternate pathologic influences clearly carry more weight in advanced disease [20] .
The lack of predictive value of virus burden levels for survival in advanced HIV-1 disease was verified in an additional subset of MACS participants ( lived !6 months and lived n ϭ 15 n ϭ 45
118 months after the index visit). These men otherwise met the criteria for our study, but cryopreserved cells were not available. Again we found that the virus burden measurements for these 2 groups did not differ (median, 10 5.5 and 10 5.3 copies/mL in the !6 and 118 month groups, respectively;
). In another P ϭ .24 comparison, we identified 10 short-term survivors (!6 months; median survival, 0.27 years) and 15 long-term survivors (118 months; median survival, 2.17 years) who did not report antiretroviral therapy up to the visit after the index visit. The 15 longer survivors did not report antiretroviral therapy through month 18 after the index visit. Again, we found no difference in the viral RNA levels at the index visit (median, 10 5.6 and 10 5.5 copies/mL in the !6 and 118 month survival groups, respectively;
). These additional sets of data convincingly P ϭ .13 validate our conclusion that there is no association of virus burden with survival time in subjects with advanced HIV-1 disease. Our findings are in agreement with another report that suggests that immunologic rather than virologic factors are predominant determinants of late HIV-1 disease progression [35] .
We investigated chemokine coreceptor usage as a part of this study because we expected that differences in survival most likely came about because different people harbored viruses with differences in pathogenicity that arose from differences in coreceptor usage. Several reports have shown that the emergence of CXCR4-using viruses is associated with poor prognosis and declining CD4 ϩ T cells [72, 73] . We hypothesized that in our cohort of subjects with advanced HIV-1 infection, viruses that could use CXCR4 or were dual-tropic for both CXCR4 and CCR5 might be more pathogenic and lead to faster cell turnover, more activation, and shorter survival. However, in agreement with a previous report that examined syncytia-inducing phenotype [36] , we did not see any difference between the coreceptor usage between the groups with different survival (table 3) . Also, in agreement with a previous report that exclusive CXCR4 usage is unusual [6] , we only observed exclusive CXCR4 usage for viral entry by primary viruses isolated from 2 men, both of whom were in the group with relatively prolonged survival. The evolution toward CXCR4 usage as an entry cofactor for viruses isolated from these men at an advanced stage of disease suggests adaptation of the virus to a new environmental niche [74] .
In summary, our results indicate that a number of virologic and immunologic parameters associate with profound CD4 ϩ T cell immunodeficiency as defined by р50 CD4 ϩ T cells/mm 3 . These include high virus burden, low naive T cell numbers, and marked T cell activation. Among these, T cell immune activation plays a predominant role in determining survival in advanced HIV-1 infection. We measured immune activation using a number of markers and found that shorter survival was associated with elevated cell surface expression of CD38 activation antigen on CD4 ϩ and CD8 ϩ T cells, elevated Fas expression on CD8 ϩ T cells, and an increased percentage of CD45RO ϩ CD38 ϩ CD8 ϩ T cells. Of note, plasma virus burden and viral chemokine coreceptor usage did not associate with subsequent survival duration in these advanced patients. Thus, even though other variables certainly contribute to differences in rates of disease progression during the prolonged course of chronic HIV-1 infection, once the advanced stage of disease is reached, T cell immune activation is the predominate determinant of differences in survival time.
